Abstract. Biomedical optical devices are widely used for clinical detection of various tissue anomalies. However, optical measurements have limited accuracy and traceability, partially owing to the lack of effective calibration methods that simulate the actual tissue conditions. To facilitate standardized calibration and performance evaluation of medical optical devices, we develop a three-dimensional fuse deposition modeling (FDM) technique for freeform fabrication of tissue-simulating phantoms. The FDM system uses transparent gel wax as the base material, titanium dioxide (TiO 2 ) powder as the scattering ingredient, and graphite powder as the absorption ingredient. The ingredients are preheated, mixed, and deposited at the designated ratios layerby-layer to simulate tissue structural and optical heterogeneities. By printing the sections of human brain model based on magnetic resonance images, we demonstrate the capability for simulating tissue structural heterogeneities. By measuring optical properties of multilayered phantoms and comparing with numerical simulation, we demonstrate the feasibility for simulating tissue optical properties. By creating a rat head phantom with embedded vasculature, we demonstrate the potential for mimicking physiologic processes of a living system. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
Biological optical imaging technique has the capability of detecting biological structure, function, and molecular characteristics in real-time based on the photon interactions with biological tissue. In the wavelength range from ultraviolet to infrared, the primary absorption components in biological tissue include water, hemoglobin, blood sugar, pigment, and lipid; while the primary scattering components include protein, fat, and mitochondria. 1, 2 It has been shown that optical phantoms are able to simulate important optical parameters of biological tissues, such as refractive index, absorption coefficient, scattering coefficient, and anisotropy. 3 A typical optical phantom is composed of the base, the scattering, and the absorption materials. On some occasions, fluorophores and other contrast enhancement agents are also added in the phantoms. 4 Optical phantoms have been developed and widely used in various clinical applications, such as medical device calibration, validation, and clinical education. One example is to use brain-simulating phantoms to simulate brain structural and physiological properties to calibrate spectrophotometric devices for brain functional studies. 5, 6 Existing optical phantoms are based on homogenous materials without considering the multilayered heterogeneous structures observed in biological tissue. Optical measurements calibrated by such a phantom may have limited accuracy and traceability. To simulate actual tissue conditions, multilayered phantoms have been fabricated recently using various methods, such as multilayered curing, 7 integration after mold casting, 8 and spin coating. 9 However, these methods have their own limitations and can hardly simulate both structure and optical heterogeneities observed in various biological tissue types. 10, 11 For example, multilayered curing and mold casting methods are able to produce large phantoms, but can hardly simulate tissue structural heterogeneity. Spin coating method is able to produce thin phantoms that simulate human skin, but cannot simulate large tissues with embedded anomalies. Since these phantoms cannot effectively simulate tissue heterogeneity, using them to calibrate spectral optical devices may not improve the measurement reliability in biologic tissue.
In recent years, three-dimensional (3-D) printing has been used broadly in biomanufacturing applications. [12] [13] [14] It is a material additive process that converts digital information into a 3-D object by adding solid material layer-by-layer. In comparison with conventional manufacturing processes, 3-D printing has multiple advantages, such as a short production cycle and freeform fabrication of objects with complex geometric characteristics and internal structures. 15 It is suitable for fabricating tissue-simulating phantoms for various biomedical and clinical applications, such as curvature correction in spatial frequency domain imaging, cardiovascular surgical training, and imaging performance validation. [15] [16] [17] [18] Despite these advances, it is still very challenging to produce optical phantoms that simulate both optical and morphologic heterogeneities of real biologic tissue, such as brain tissue. 19 We have developed a fuse deposition modeling (FDM) system for 3-D printing of tissue-simulating phantoms with multilayered heterogeneous structure. The system consists of a heated printer head that mixes the absorption and the scattering materials at different ratios and a motion module that precisely piles up the mixture layer-by-layer. The materials' systems used in our FDM device are the gel wax mixtures of different scattering and absorption ingredients. To evaluate the accuracy for simulating tissue optical properties, we use a commercial oximeter (OxiplexTS, ISS Inc., Champaign, Illinois) to characterize the optical properties of the multilayered phantom and compare the results with those of a Monte Carlo simulation. 20 To demonstrate the clinical utility of simulating heterogeneous tissue structure, we process the clinical magnetic resonance (MR) images of a human brain and printed multiple sections with the FDM system. Our experiment results demonstrate the technical feasibility of using the FDM technique for freeform fabrication of phantoms that simulate tissue structural and optical heterogeneities. Such a tissue-simulating phantom may be used for calibrating spectral optical medical devices, coregistration between different imaging modalities, and validating new optical imaging techniques.
Materials and Methods

Materials
Phantom material selection
The material system for the proposed FDM technique consists of a mixture of the base ingredient, the absorption ingredient, and the scattering ingredient. The selection of these phantom materials should consider the following requirements: (1) the absorption characteristics of the phantom should be finely tunable within the range of biologic tissue without affecting the scattering characteristics, (2) the scattering characteristics of the phantom should be finely tunable within the range of biologic tissue without affecting the absorption characteristics, (3) the base component should be transparent and present minimal interferences to the overall absorption and scattering characteristics of the printed phantom, and (4) the physical dimensions, the chemical properties, and the optical characteristics of the fabricated phantom should be stable for a relatively long shelf life.
Gel wax, with a density of 0.84 g∕ml, a melting point of 68°C , and a refractive index of 1.469 (Shanghai Joule Wax Industry, China), is used as the base material. Gel wax is used because of the following reasons: (1) it is stable, colorless, transparent, and easily available, (2) various absorption and scattering ingredients can be uniformly dispersed in gel wax to reach the designated optical properties, (3) since the gel wax phantom fabrication process does not involve any chemical reactions, the produced phantoms have relatively stable properties, and (4) in comparison with other materials, gel wax has a relatively low-thermal expansion coefficient (∼2 × 10 −6 ∕K), enabling phantom fabrication with geometric fidelity.
The designated optical properties of the printed phantom, such as the absorption coefficient μ a and the scattering coefficient μ s , can be achieved by mixing the based material, the absorption material, and the scattering material at a specific mixing ratio as shown by the following equations E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 7 5 2 μ a
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 7 0 6
where V is the volume of the base material, ξ a is the mass of the absorption material, ξ s is the mass of the scattering material, U A is the flow speed of the pure transparent synthetic wax, U B is the flow speed of the prior preparation synthetic wax containing high concentrations of absorption material, U C is the flow speed of the prior preparation synthetic wax containing a high concentration of scattering material, η a is the content ratio of the absorption material of U B , η s is the content ratio of the scattering material of U C , and k is the feature constant of the print-head.
Absorption material characterization
The overall absorption of the phantom can be estimated by Beer-Lambert's law E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 5 0 3
where I 0 is the initial light intensity incident to the medium, I is the measured transmitted light intensity, l is the length of the absorption medium, C is the concentration of the absorbent material, ε is the molar absorptivity, A is the overall absorption, and μ a is the absorption coefficient. For multiple absorption materials dispersed in a transparent medium, the overall absorption coefficient of the phantom can be represented as the weighted summation of individual absorption ingredients, assuming no interference between these ingredients:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 3 4 8
where ε 1 ; ε 2 ; : : : ; ε n are the extinction coefficients of individual absorption ingredients and C 1 ; C 2 ; : : : ; C n are the material concentrations. Experimentally, the graphite powder material with a particle size of 8000 mesh and a purity of 99.95% (Shanghai Jingchun Biochemical Technologies, China) is used as the absorption ingredient. The absorption spectra of the graphite phantoms at different concentrations are tested by a UV/VIS spectrophotometer (Shimadzu, Japan). The tests are triplicated, and the standard deviations are calculated. As shown in Fig. 1 , the absorption coefficient levels are linearly proportional to the graphite powder concentration levels, with a linear correlation coefficient R 2 of 0.997.
Scattering material characterization
The scattering coefficient of the phantom is defined as the production of the number of the scattering particles dispersed in unit volume ρ and the averaged scattering cross-section of the particles б s E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 6 3 ; 5 6 9 μ s λ ¼ ρб s ðλÞ:
Similarly, for multiple scattering ingredients dispersed in a transparent medium, the overall scattering coefficient can be expressed as the linear superimposition of individual scattering ingredients, assuming no interference between these ingredients:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 6 3 ; 4 9 2 μ s λ ¼
Experimentally, the titanium dioxide (TiO 2 ) powder material (Guangfu Fine Chemical Research Institute, China) is used as the scattering ingredient. Slab phantoms at five different levels of TiO 2 powder concentrations are cast. Considering that precipitation and aggregation of TiO 2 powder may induce scattering heterogeneity in the phantom, we measure the bulk reduced scattering coefficient μ s 0 at six locations on the top surface and six locations on the bottom surface of the phantom, respectively, using the OxiplexTS™ tissue spectrophotometer. To reduce the systemic error, one maximal and one minimal measurement on each surface are excluded and the remaining eight data points are averaged to represent the averaged scattering properties of the phantom. The measured reduced scattering coefficient μ s 0 correlates with the scattering coefficient μ s by the following equation:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 3 2 6 ; 5 6 9
where g is the anisotropy factor. Figure 2 shows the bulk reduced scattering coefficient μ 0 s of the phantoms at different TiO 2 powder concentrations. According to the figure, the reduced scattering coefficient is linearly correlated with the TiO 2 powder concentration, with a linear correlation coefficient R 2 of 0.994.
Mixed material characterization
Phantoms that mix graphite powder and TiO 2 powder at different ratios are fabricated. Optical properties of these phantoms are measured to determine if crosstalk exists between the absorption and the reduced scattering ingredients. In the first set of experiments, the graphite powder concentration is increased gradually while the TiO 2 powder concentration is kept at 1.2 × 10 −2 g∕ml. In the second set of experiments, the TiO 2 powder concentration is increased gradually while the graphite powder concentration is kept at 0.6 × 10 −4 g∕ml. For each combination of graphite and TiO 2 concentrations, scattering and absorption properties are measured at six locations on the phantom to calculate the averaged optical characteristics and their deviations as shown in Fig. 3 .
According to the figure, the reduced scattering coefficients remain at 5.650 AE 0.090 cm −1 as the graphite powder concentration continuously increases, whereas the absorption coefficients remain at 0.110 AE 0.006 cm −1 as the TiO 2 powder concentration continuously increases. Therefore, it is concluded that the crosstalk between the scattering and the absorption ingredients used in our phantom FDM system is negligible. To improve the mixing accuracy in the FDM process, an absorption stock is prepared in advance by melting the transparent gel wax, mixing with the graphite powder at a designated concentration, degassing in a vacuum chamber for 15 min, and cooling down. A scattering stock is also prepared following a similar protocol. The transparent gel wax, the absorption stock, and the scattering stock are fed into the FDM system for phantom printing.
Development of the Fuse Deposition Modeling
System for Phantom Printing
Our phantom FDM system consists of a host computer for process control, a JD-208 3-D motion platform (Jingdiao Corp., Hefei, China), a heated print head with dynamic mixer, a The design of the print head is illustrated in detail by Fig. 5 . It is based on melting and mixing three ingredient materials (i.e., absorption ingredient, scattering ingredient, and transparent base material) at the designated concentrations. The three stock materials are prepared in advance with optical properties characterized. They are supplied in different channels with the flow rate controlled by three precision injection pumps, respectively. The supplied materials with precise volume control are mixed in a heated mixing device driven by a transmission shaft and extruded through the nozzle at the designated concentration ratios. The print head is made of aluminum alloy and brass with superior thermal conductivity. It is well heated by a calefaction stick to keep the materials at the molten state. The total length of the print head is 45 mm, and the inner diameter of the nozzle tip is 0.4 mm.
To evaluate whether heating and mixing procedures in an FDM process may affect the material optical properties of the produced phantoms, we prepare a sample phantom by mixing the absorption stock and the scattering stock with the base transparent gel wax to reach a graphite powder concentration of 0.6 × 10 −4 g∕ml and a TiO 2 powder concentration of 1.2 × 10 −4 g∕ml. After the above ingredients are melted, manually mixed, and cooled down, the resultant absorption Fig. 3 Interference between the scattering and the absorption properties as different material components are added in the phantom: (a) the scattering coefficient of the phantom does not change significantly as the concentration of the graphite powder increases gradually while the TiO 2 powder concentration remains at 1.2 × 10 −4 g∕mL; (n) the absorption coefficient of the phantom does not change significantly as the concentration of the TiO 2 powder increases gradually while the graphite powder concentration remains at 0.6 × 10 −4 g∕mL. coefficient is 0.11 cm −1 , and the scattering coefficient is 5.6 cm −1 , very well coincident with the linear correlations as shown in Figs. 1 and 2 . However, after the same ingredient materials as above are mixed, melted, extruded by our FDM system, and cooled down, the resultant absorption coefficient of the phantom turns out to be 0.15 cm −1 , corresponding to a 38% increase in comparison with its original value. The resultant scattering coefficient of the phantom turns out to be 7.5 cm −1 , corresponding to a 34% increase in comparison with its original value. The FDM-induced increase of phantom absorption and scattering coefficients may be explained by several possible reasons, such as the introduction of air bubbles, the improved dispersion of graphite powder and TiO 2 powder in the phantom, and the refined particle sizes. Further study is needed to quantify the process-induced variation in optical properties and optimize the process control for reproducible and reliable production of the optical phantoms.
Fuse Deposition Modeling Fabrication of Three-
Dimensional Tissue-Simulating Phantom 3-D tissue-simulating phantoms were fabricated by the FDM process following two consecutive stages of modeling and printing as illustrated in Fig. 6 . At the modeling stage, T1-weighted and 3-D magnetization-prepared fast spoiled gradient echo sequence images were acquired by a 3.0T Discovery MR750 system (General Electric Healthcare, Fairfield City, Connecticut) at an in-planar resolution of 0.7 mm and a slice thickness of 1 mm, interpolated into 0.5 mm. The MR images were imported into the 3-D-Slicer, an open source medical imaging tool, for a series of image processing procedures that involve denoising, segmentation, reconstruction, format conversion, and sectioning. After sectioning, each layer will be classified into different regions based on tissue anatomic characteristics. The sectioned images are then digitalized and assigned with different optical properties at individual pixels based on the published measurements for the corresponding tissue types. At the printing step, the digitalized tissue sections are loaded by the FDM system to plan for the motion path of the print head and the feeding rates of the phantom materials. These process plans are used to guide the FDM system to mix the molten ingredients at the designated ratios, extrude them, and deposit them layer-by-layer in the working area. By the end of the process, the printed phantom is cooled down completely and then removed from the FDM system. The morphologic and the optical properties of the produced phantoms are further evaluated by photographic imaging and spectrophotometry.
Results and Discussion
The technical feasibility of the proposed FDM process for producing tissue-simulating optical phantoms is demonstrated through a series of benchtop experiments. By printing the sections of human brain model based on MR images, we demonstrate the system capability for simulating tissue structural heterogeneities. By measuring the optical properties of multilayered phantoms and comparing them with numerical simulation, we demonstrate the feasibility for simulating tissue optical properties. By creating a rat head phantom with embedded vasculature, we demonstrate the potential for mimicking the physiological processes of a living system.
Simulating Tissue Structural Heterogeneities
The system capability for producing tissue-simulating phantoms with structural fidelity is demonstrated by reproducing multiple sections of a human forehead from the sliced MR images. Figure 7 shows the flow chart of the fabrication process. Since the current FDM system has a printable spatial resolution of 0.5 mm, it is difficult to represent tissue heterogeneous features beyond this resolution limit. Therefore, the sliced MR images are simplified by classifying the heterogeneous features into the following four regions: (1) scalp and skull, (2) cerebrospinal fluid (CSF), (3) gray matter, and (4) white matter. These simplified images are directed into the FDM system for path planning and material planning. The G code is generated based on these images using a JD-Paint CAM software package. During the printing process, the microprocessor of the FDM system controls the feed rates of different ingredient materials and the rotational speed of the mixer to achieve the target material composition. As the target material composition is changed, the residual materials left in the print head are discharged automatically to minimize the resultant error in phantom optical properties.
In this experiment, four regions of the simplified MR images are printed to simulate the structural heterogeneity of a human brain. Considering the complicated photon migration pattern within CSF, 21 the imaging contrast difference between MR images and optical modalities, the poor optical visibility of the CSF region in a brain section, and the difficulty of maintaining an accurate liquid boundary in a solid phantom, we use black gel wax (i.e., gel wax dispersed with graphite powder) to represent the CSF region. The use of black gel wax is only for the enhanced visibility and easy differentiation from the surrounding tissue types. It does not represent the actual optical properties of CSF. The optical properties of the other regions (i.e., scalp and skull, gray matter, and white matter) are estimated based on the previous publications [22] [23] [24] as listed in Table 1 . Figure 8 shows a stack of five sections of the human brain phantom printed by our FDM system using the simplified MR images. To fit in the working space of the current FDM system, the simplified MR images are shrunk to 65% of their original sizes. Four layers of the transparent base material are printed as the support at the bottom of the phantom before the brain phantom is printed. The thickness of each printed section is 0.4 mm, and each MR section is repetitively printed for three layers. After all the five MRI sections are printed, a layer of transparent base material is printed on the top of the phantom to protect it from physical damage. The temperature of the printhead is set as 72°C, the temperature of heating ring is set as 75°C
, and the temperature of the feeding pipe is set as 75°C. The material feeding rate is 172 μL∕ min, and the moving speed of the print-head is 1000 mm∕ min. The average height of the printed phantom is 8.12 mm, and the maximum width is 107.23 mm. Figure 9 shows the original MR images, the simplified MR images, and the photographic images of the FDM printed sections of the brain phantom.
To quantitatively evaluate how the FDM-printed phantom approximates the geometric features of the simplified brain MR imaging sections, we compare the photographic image of each phantom section with the corresponding simplified MR image by defining a "similarity index" as the ratio between the overlapped area S 0 of two images and the area S of the simplified MR image for each of the four tissue types. First, a MATLAB ® image processing toolkit is used to coregister between the phantom image and the simplified MR image. Second, binary images are generated based on the coregistered images for different tissue types. Finally, similarity indices are calculated for individual tissue types by taking the ratio of S 0 and S. This analysis yields similarity indices better than 95%, 93%, 92%, and 92% for the skin/skull region, the CSF region, the gray matter region, and the white matter region, respectively. These results demonstrate that our FDM system is able to fabricate tissue-simulating phantoms with fidelity.
Although we are able to fabricate the gel wax phantoms that simulate different tissue types in consequent brain sections, the current fabrication method still has several limitations. Especially, the printed boundaries and the overlapping areas Fig. 7 The flow chart for producing a brain-simulating phantom with the proposed FDM system. Table 1 Optical properties for four brain tissue types are estimated at 834 nm based on previous publications. These absorption and scattering properties are implemented in the fuse deposition modeling -produced brain phantom, except for the cerebrospinal fluid (CSF) layer, where black gel wax is used instead for clear delineation of the CSF boundary. are typically fuzzy, partially owing to the limited resolution of the existing FDM system (0.5 mm) and the temperature-dependent viscoelastic fluid properties of gel wax. This limitation makes it difficult to reproduce the fine morphologic characteristics as shown in the original brain MR images. Therefore, further improvement of the FDM process and optimization of the material system are required for freeform fabrication of a 3-D brain model with high structural fidelity in the future.
Simulating Tissue Optical Properties
The technical feasibility of printing tissue-simulating phantoms with optical fidelity is demonstrated by testing the optical properties of a two-layered phantom in comparison with those of a Monte Carlo simulation. Four sets of phantoms are fabricated by casting one layer of gel wax phantom on top of the other. The top and the bottom layers have different absorption and scattering properties as measured by the tissue spectrophotometer before casting. All the top layers have a length of 100 mm, a width of 100 mm, and a thickness of 5 mm. All the bottom layers have the same length and width, but a different thickness of 50 mm to approximate a semi-infinite boundary condition. Table 2 shows the optical parameters of the four phantoms (namely A, B, C, and D) and their optical properties of the top and the bottom layers. Diffuse reflectance measurements are acquired on the above phantoms at a wavelength of 830 nm and different source- Table 3 . A Monte Carlo model of steady-state light transport in multilayered tissues simulation package is used to simulate photon migration in the two-layered tissue phantom. 20 Monte Carlo simulation is widely used to simulate light transport in multilayered tissues of different optical properties. The simulation parameters used in this study are listed in Table 4 .
We use the previously obtained absorption and scattering properties of the phantom materials to simulate diffuse reflectance on the surface of the two-layer phantoms at different source-detector separations. To eliminate the artifact caused by inaccurate measurement of the incident light intensity, we normalize the reflectance measurements between the shortest source-detector distance and the longest one to compare the deviations of measurement versus simulation for the middle two source-detector distances. Figure 10 shows the normalized reflectance measurements at different source-detector distances in comparison with simulation results for different phantom configurations as listed in Tables 2 and 3 . The averaged deviation between the measured and the simulated reflectance results is below 10%, indicating that the FDM process is able to produce multilayered tissue-simulating phantoms with optical fidelity. 
Simulating Tissue Physiological Dynamics
We demonstrate the capability for simulating the physiological characteristics of a living system using a rat head phantom. The phantom is made of the proposed gel wax materials with an appropriate mixture of the scattering and the absorption ingredients. A silicon tube is embedded inside the rat head phantom, with blood circulated by a peristaltic pump to simulate brain vascular pulsation. A vascular monitoring system laser Doppler flowmetry (Moor Instruments Inc., Devon, UK) is placed on the top of the rat head phantom to measure the simulated blood flow as fresh chicken blood is circulated through the tube at a designated pulsation frequency. For side-by-side comparison, a similar experimental procedure is carried out on a Wistar rat as shown in Fig. 11 . The animal protocol is approved by the Institutional Animal Care and Use Committee of University of Science and Technology of China (Protocol No: 150101). The Moor measurement on the animal's head shows a pulsation of 114 times per minutes. Therefore, the speed of the peristaltic pump is adjusted to simulate the physiologic condition of vascular pulsation. Blood perfusion measurements are acquired on both the rat and the phantom. The raw data and the corresponding frequency analysis results are plotted in Fig. 11 . According to the figure, the mouse head phantom yields a similar pulsation pattern in comparison with that of the animal, with a similar pulsation frequency of around 1.9 Hz. This experiment shows that we are able to simulate the physiologic characteristics of a living animal.
Conclusion
In this study, we explore the technical feasibility of an FDM process to fabricate multilayered heterogeneities phantoms that simulate human brain tissue structural and optical properties. Our experimental and simulation results show that: (1) the interference between the absorption and the scattering ingredients used in our FDM process is negligible, (2) the FDM process is able to duplicate the structural characteristics of a simplified human brain model with a similarity level better than 92%, and (3) the FDM process is able to duplicate the optical characteristics of multilayered biological tissue with <10% deviations in optical measurements. Further research is necessary to optimize the material system and the engineering design of the phantom FDM technique for freeform fabrication of 3-D tissue-simulating phantoms with high productivity and fidelity. In the future, the proposed phantom FDM technique can potentially be used in combination with the digital tissue phantoms 25 to establish a traceable standard for calibration and performance validation of many biomedical optical devices. 
